Glaciers in the European Alps rapidly lose mass to adapt to changes in climate conditions.
Introduction
Glaciers have globally been losing mass at an accelerated pace over the past few decades (Wouters et al., 2019; Zemp et al., 2019) . This is also the case in the European Alps Dehecq et al., 2016; Fischer et al., 2015) , where glaciers have been subject to strongly negative mass balances (e.g., Charalampidis et al., 2018; Thibert et al., 2018; Vincent et al., 2018; Zekollari & Huybrechts, 2018) . By retreating, glaciers lose ice at their lower elevations, which has a stabilizing feedback on their mass balance, hence reducing the imbalance between glacier geometry and the climatic conditions (hereafter referred to as "glacier-climate imbalance"). At the same time, further temperature increase (e.g., Rottler et al., 2019) causes a decrease in the glacier mass balance, thereby increasing the glacier-climate imbalance. The mass balance of a glacier, thus, reflects the interplay between changes in glacier geometry and changes in climate conditions. Due to the lag between climatic forcing and glacier response, however, solely relying on the mass balance does not give a clear indication of the dominating process (supporting information, Figure S1 ). The use of mass balance as a metric for the glacier-climate imbalance is furthermore complicated by the fact that by losing mass, the glacier does not only reduce its area but also thins, which further decreases the local mass balance . An alternative and more complete approach for quantifying the evolution of the glacier-climate imbalance consists of quantifying the dynamic response of glaciers (e.g., Christian et al., 2018) . Recent efforts in this direction have been undertaken by Marzeion et al. (2018) , who utilized a simple glacier evolution model based on volume scaling to analyze the present-day committed glacier loss at the global scale.
Here, we use a novel glacier evolution model (Zekollari et al., 2019) that explicitly accounts for surface mass balance (SMB) and ice flow processes, to quantify the temporal evolution of the committed glacier loss in the European Alps. Through various numerical experiments, we aim at shedding light on the evolution of the ©2020. The Authors. This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited.
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Key Points:
• Climate warming outpaced glacier retreat in the European Alps until 2010, increasing the imbalance between glacier geometry and climate • After 2010, the imbalance between glacier geometry and climate decreased, but a committed volume loss of~40% is still projected • First regional glacier response time inventory accounting for ice flow, hinting at the crucial role of the glacier slope, as opposed to size glacier-climate imbalance over time and its link to the glacier response time. The glacier response time of Alpine glaciers has typically been studied for single or a few glaciers (e.g., Le Meur & Vincent, 2003; Oerlemans, 2007 Oerlemans, , 2012 Zekollari & Huybrechts, 2015) or through simplified approaches in which ice dynamics were not explicitly included (e.g., Haeberli & Hoelzle, 1995; Raper & Braithwaite, 2009 ). Here, we complement these efforts by deriving the first regional-scale glacier response time inventory with a physically based model and determine the main factors that control the response time of individual glaciers.
Materials and Methods
The temporal glacier evolution is simulated with GloGEMflow (Zekollari et al., 2019) , which is an extended version of the Global Glacier Evolution Model (GloGEM, Huss & Hock, 2015) incorporating ice dynamics. For this study, we do not consider glaciers shorter than 1 km, as these small ice bodies have a very limited mass transfer through ice dynamics and can quickly disintegrate under changing climatic conditions (Huss & Fischer, 2016) , which cannot accurately be captured with a large-scale flowline model. The 795 glaciers longer than 1 km represent~95% of the total volume and 86% of the total area of all glaciers in the European Alps (Zekollari et al., 2019) . For every individual glacier, a calibration is performed to match the glacier length and volume at the Randolph Glacier Inventory (RGI, RGI Consortium, 2017) date (typically 2003). The calibration procedure starts from a 1990 steady-state glacier by perturbing the mean 1961-1990 climatology and adjusts for a factor describing the ice flow in order to match the geometry at the inventory date (see figure 3 in Zekollari et al., 2019) . We do not explicitly account for thermodynamics and rely on the commonly used approximation in which all ice is considered to be temperate (e.g., Le Meur et al., 2004; Schmeits & Oerlemans, 1997) . GloGEMflow and its calibration procedure were extensively evaluated over Alpine glaciers by comparing, among others, modelled and observed SMBs (WGMS, 2018), surface velocities (e.g., Berthier & Vincent, 2012) , and recent glacier changes (GLAMOS, 2018a). The future glacier evolution modelled with GloGEMflow, moreover, was shown to agree well with results from detailed studies that used 3-D higher-order and full-Stokes models for individual glaciers (e.g., Jouvet et al., 2011; Jouvet & Huss, 2019; Zekollari et al., 2014) .
Data
The model calibration, detailed in Zekollari et al. (2019) , is based on the glacier geometry and outlines from the RGI v6.0 (RGI Consortium, 2017). Ice thickness is derived following the method of Huss and Farinotti (2012) , as provided within the consensus estimate by Farinotti et al. (2019) , with a mean uncertainty on the volume of individual glaciers of about 20%. The SMB model was calibrated to reproduce the geodetic mass balances of individual glaciers, which were taken from the World Glacier Monitoring Service database (WGMS, 2018) . The climatic data used to force the SMB model comes from the ENSEMBLES daily gridded observational dataset (E-OBS; Cornes et al., 2018) . These data are downscaled to individual glaciers as part of the calibration procedure to reproduce the geodetic mass balance of individual glaciers (see Huss & Hock, 2015) .
Glacier-Climate Imbalance
The recent evolution of the imbalance between the glacier geometry and the climate is investigated through transient simulations in which the ice loss that would occur if the climate was to remain constant (section 4.1) is analyzed. These simulations are complemented with experiments assessing the temporal evolution of the forcing needed to preserve the volume and length of Alpine glaciers at a given point in time (section 4.2).
Committed Loss
For every given year between 2001 and 2018, the committed loss is derived by constantly forcing the glacier model with the mean SMB of the previous 30 years and by running the glaciers to steady state under these conditions ( Figure 1a ). The SMB is calculated for a reference geometry and is subsequently expressed as a local function of elevation. As the geometry evolves, the SMB for every altitude is then determined by interpolating the elevation-dependent SMB to the considered elevation.
The committed loss experiments indicate that the committed loss increased in the early 21st century (in both relative and absolute terms, see Figure 1b ), suggesting that the glaciers' capability of adapting their geometry through retreat was outpaced by rising temperatures. In 2001, the committed volume loss (under 1972-2001 mean SMB) was 42 km 3 or 34% of the total ice volume at that time (125 km 3 ). In 2010, the committed loss increased to 45 km 3 or 42%, from 107 km 3 in 2010 to 62 km 3 at steady state. The committed loss stabilized and decreased after ca. 2010 (Figure 1b ), suggesting that glacier retreat outpaced the warming over the last decade, thus reducing the glacier-climate imbalance. In general, the relative committed ice loss is larger for small glaciers than it is for large ones (see Figure S2 and Table S1 , where uncertainty is also addressed).
Conservation Experiments
As an alternative metric characterizing the glacier-climate imbalance, we analyze which climatic forcing would be needed at any point in time to preserve on the one hand the total glacier volume and on the other hand the cumulative length of all glaciers in the European Alps. For this, we rely on the same setting as for the committed loss experiments (section 4.1) and apply a temperature anomaly on top of that. Experiments with different temperature anomalies suggest that for maintaining the total volume in 2001 (~125 km 3 , Figures 2a and 2b) , a temperature forcing of −0.65°C (compared to 1972-2001) would have been needed. For 2010 (total volume ≈107 km 3 , Figures 2a and 2c ), this figure changes to −0.75°C; that is, actual temperatures were three quarters of degree warmer than what would have permitted glacier balance. These values are in line with the findings from the committed loss experiments, suggesting that warming dominated over glacier geometric adaptations during the first decade of the 21st century. After 2010, the trend is reversed and the glacier-climate imbalance reduces. Since 2010, mean annual temperatures increased by about 0.2°C (derived from E-OBS over glacierized areas, considering 30-year means), while the imbalance (i.e., the temperature forcing needed to maintain the volume) decreased by~0.1°C (Figures 2a and 2d ). By conceptually expressing the imbalance change as the sum of the temperature change and the geometric adaptation, a geometric adaptation corresponding to 0.3°C is obtained over this period. This is 50% more important than the actually realized temperature change. Similar findings are obtained when considering precipitation, where a forcing of +21%, +25%, and +18% is needed in 2001, 2009, and 2019, respectively ( Figure S3 ).
In the volume conservation experiments, the total volume remains relatively stable over time (Figures 2b-2d ). However, the spatial volume distribution in the final steady state is different than in the transient case, with usually slightly shorter glaciers ( Figures S4a and S4c) . The frontal regions of the steady-state glaciers are generally also thicker and steeper than transient glaciers with same volume. This is because the local flux divergence has to compensate the very negative SMB at low elevations (see Figures S4a and S4c; Zekollari & Huybrechts, 2015) . In general, large steady-state glaciers tend to have a slightly lower volume than their transient counterparts, which is an expression of large glaciers being proportionally more out of balance (i.e., more negative SMB) compared to small glaciers. The differences are, however, generally small. For instance, glaciers with a present-day volume of more than 1 km 3 have a steady-state volume that is 1.4% smaller on average than their transient counterpart (for the volume conservation experiment in 2011).
In order to preserve the glacier area or length at a given moment in time, a more pronounced forcing (varying between −0.95 and −0.75°C; see Figures 2e-2g) is needed for the length conservation experiments compared to the volume conservation experiments. This results in steady-state glaciers with a larger volume than the transient case (up to 10% larger ice volume, Figures 2b-2g) . These experiments illustrate the slow response of Alpine glaciers: Even for cases where a negative temperature forcing is imposed to maintain the total glacier length on the longer run (i.e., when considering steady state), a strong initial decline in glacier length occurs. For the length conservation experiments starting around 2010 (when the climate-geometry imbalance is the largest), glaciers lose about 12-13% of their total length over 30 years (Figure 2f ), before eventually re-advancing and recovering the initial length. These simulations require temperature adjustments of up to −0.95°C, and the mass excess at low elevation is first removed (thus causing glacier retreat; Figures S4a, S4b , and S4d) before being replaced by the additional mass added at higher elevations (thus causing re-advance, Figures S4a and S4e) . The slow response also appears from the SMB evolution, which initially increases and becomes positive (Figures 2h-2j ) as a reaction to glacier retreat. As glaciers re-advance, the SMB decreases and eventually evolves to zero when the glaciers reach a steady state.
Both the committed and volume conservation experiments suggest that glacier retreat started to catch up and outpace the climatic warming signal around 2010. This is in agreement with field observations, which indicate several record-breaking years of volume loss and glacier retreat after 2010 (2011 , 2012 , 2017 GLAMOS, 2018b) . The timing of the shift in the glacier-climate imbalance may partially be explained by the fact that around the late 1980s, many Alpine glaciers where relatively close to equilibrium. The subsequent rise in temperatures caused glaciers to thin, but due to the glacier response time, it took yet another 20-30 years for glacier retreat and frontal loss to peak.
Response Time
Response Time of the Entire Alpine Ice Mass
The glacier response time from numerical experiments can be expressed through an e-folding timescale, in which the response time corresponds to the time needed to complete 1 − e −1 (= 63.2%) of the total change (e.g., Leysinger Vieli & Gudmundsson, 2004; Oerlemans, 2018) . For the committed experiments (Figure 2) , the above approach results in response times decreasing from 42 years in 2001 to 33 years in 2018 ( Figure S5 ). This decrease may reflect changing geometric conditions, but its interpretation is complicated by the transient signal of ongoing retreat interfering with the response to the imposed climatic conditions (see, e.g., Zekollari & Huybrechts, 2015 , for a more detailed discussion). Furthermore, in these committed experiments, the individual glaciers will have an integrated mass balance which may strongly vary: For a given scenario, some glaciers may strongly retreat, while others will change only little or even advance.
In order to isolate the effect of the transient glacier evolution and to ensure that glaciers are subject to the same forcing, additional simulations are performed in which steady-state glaciers are taken as a starting point and are continuously forced until a new steady state is reached. For this, spatially homogeneous 
10.1029/2019GL085578
Geophysical Research Letters climatic perturbations are considered, allowing us to directly compare the response time between glaciers. Two glacier advance simulations (evolution from steady state with temperature forcing of (i) 0 to −1°C and (ii) −0.5 to −1°C) and two glacier retreat simulations (evolution from steady state with temperature forcing of (i) −1 to 0°C and (ii) −0.5 to 0°C) are performed for two distinct reference periods (1972 -2001 and 1989 Figure 3a) . In these eight experiments, steady-state glaciers are created that are slightly smaller, similar in size, and slightly larger than present-day glaciers (Figure 3a) .
These simulations indicate that the response time of the entire Alpine ice mass varies between 36 and 78 years (Figure 3b ). The lower end of this range, between 36 and 45 years (Figure 3b ), corresponds to strong retreat experiments and is in line with the response times derived from the transient simulations (33-42 years, Figure S5 ). The longer response times (55 years and more) correspond to the advance cases, where the imposed, additional accumulation needs first to travel through the glacier before resulting in an actual glacier advance.
Response Time of Individual Glaciers
The numerical simulations allow us to quantify the response time of every individual glacier. For glaciers longer than 1 km at inventory date, a mean response time of 50 ± 28 years is obtained (mean over all glaciers and the eight experiments presented in section 5.1 ± one standard deviation; for uncertainty, refer to Table  S1 ). Similar mean response times are obtained when weighing by glacier area (49 ± 28 years) or glacier volume (54 ± 28 years), hinting at a limited link between glacier response time and glacier size. To gain insights into the drivers of glacier response time, a total of 18 predictors describing various glacier characteristic are used in a set of regression analyses (see Figures S6 and S7) . These predictors, of which many are correlated, are subdivided into three main categories characterizing (i) glacier size (e.g., glacier volume, area, and length), (ii) glacier slope along the flowline (various slope quantiles), and (iii) glacier SMB (frontal SMB, equilibrium line altitude, and SMB gradient).
In a regression analysis with only one predictor variable, the surface slope along the flowline explains most of the inter-glacier variability in response time: 39% and 42% for linear and quadratic regressions, respectively (Figure 3c ). Considering the surface slope over a lower fraction of the glacier (e.g., Brun et al., 2019; Fischer et al., 2015; Huss & Fischer, 2016) does not improve this correlation significantly (Figures S6, S7 , and S8a). The correlation between the response time and size-dependent variables is insignificant ( Figure S6 and S7) . Glacier area, for example, yields R 2 < 0.01 (Figure 3d ). An exception is the elevation range (R 2 = 0.23 and 0.31 for linear and quadratic regression, respectively), which is itself linked to the surface slope. The frontal SMB and the SMB gradient in the ablation area describe a small fraction of the response time (for quadratic regression: R 2 = 0.15 and 0.19, respectively; p < 0.01; Figure S6 ). Increasing the order of the polynomial fit to 3 or 4 has only a limited effect ( Figure S7 ).
By combining two predictor variables (ignoring interaction terms), more than two thirds of the variability in response time can be described: Together, (i) the surface slope along the flowline of the lowest 80% of the elevation range and (ii) the elevation range explain up to 67% of the variance (quadratic regression; Figure 4b ). In general, most of the variability is explained when combining (i) a variable related to the glacier slope with (ii) a variable related to the SMB ( Figure S9a ). With three predictors, the highest portions of explained variance (up to 70% for quadratic regression) are obtained when combining a slope-, a size-, and an SMB-related variable (Figures 4c and S9b) . When considering four predictors, up to 74% of the variance can be explained ( Figures S8b and S9c) , indicating a saturation of the explanatory power provided by adding further predictors (Figure 4a ).
The surface slope is the main driver for the response time and is in all cases negatively correlated with the latter (Figures 3c and S6) : Steeper glaciers are able to efficiently transfer mass and adapt rapidly and thus have shorter response times (e.g., Haeberli & Hoelzle, 1995; Oerlemans, 2012) . Glaciers with a steeper SMB gradient-those tending to have a more negative frontal SMB-are able to react faster and have shorter response times ( Figure S6 ). This is in line with widely used analytical response time expressions (e.g., Harrison et al., 2001; Jóhannesson et al., 1989) , in which the frontal SMB is in the denominator. For glaciers in the European Alps, this lower frontal SMB counters-and in some cases even outweighs-the higher ice thickness (numerator in the response time definition by Jóhannesson et al., 1989) as glacier size grows (Bahr et al., 1998; Oerlemans, 2012; Raper & Braithwaite, 2009 ). As a result, the effect of glacier size on the response time is very weak to inexistent ( Figure S6 ) and only appears for size-related variables that are correlated to the frontal SMB (e.g., highest elevation or elevation range). Our numerical simulations thus suggest that recurring statements linking glacier response time to size (e.g., "larger glaciers have a longer response time") are not valid for glaciers in the European Alps longer than 1 km. For glaciers outside the European Alps, the relationship between glacier size and response time may change as a result of the climatic conditions, larger elevation ranges, and/or other mechanisms. In cold and dry regions, large glaciers often cover the landscape and the increase in glacier size leads to a strong decrease in surface slope. This may result in a positive correlation between glacier size and response time. On the contrary, in maritime regions, the glacier size is strongly dependent on the magnitude of the SMB gradient and may thus negatively correlate with response time.
Our analysis indicates that nearby glaciers of similar size may have substantially different response times. This difference can help explaining why some similarly sized neighboring glaciers have very distinct mass balances. Our results thus complement studies investigating mass balance variability (e.g., Brun et al., 2019; Fischer et al., 2015) and sensitivity (e.g., Huss & Fischer, 2016) , which also found that surface slope is a main driver of inter-glacier SMB variability at the local scale.
Conclusions
Through numerical simulations of glacier evolution, we showed that glaciers in the European Alps are to lose a substantial part of their mass under present-day climatic conditions. The mass loss committed from this imbalance increased during the first decade of the 21st century and slightly decreased after 2010. At present, the committed mass loss amounts to~40% of the present-day ice volume. The lag between climatic forcing and glacier adaptation is directly related to the glacier response time, which is on average 50 ± 28 years for glaciers in the European Alps longer than 1 km. At the individual glacier level, we showed that this response time is mainly related to the glacier slope. SMB and size-related characteristics such as glacier area and volume only play a secondary role. Our results indicate that 58% of the variance between the response times of individual glaciers longer than 1 km within the European Alps can be explained with the following relation:
τ ¼ 121−1:24·α 80% −0:028 Δz;
where τ (years) is the glacier response time; α 80% (%) is the average surface slope along the flowline of the lowest 80% of elevation of the glacier, and Δz (m) is the glacier's elevation range. This can be used as a rule of thumb to estimate the response time of an Alpine glacier without any numerical modelling. The relation can be extended with additional predictors and a quadratic fit to explain up to three quarters of the interglacier response time variability. This is the first study to investigate glacier response times at a regional scale with an ice dynamical model and opens the door to global-scale response-time studies encompassing glacier types featuring additional processes such as calving or supraglacial debris coverage, which can introduce additional feedback mechanisms. Such studies may hold the key for better understanding local-to regional-scale differences in glacier responses to a changing climate.
